ABSTRACT The eastern pygmy blue, Brephidium pseudofea (Morrison) (Lepidoptera: Lycaenidae: Polyommatinae), inhabits intertidal environments that are periodically ßooded. The immature stages are subject to salt or brackish water inundation during this time and therefore must endure many stressors, including respiratory limitation and salt exposure. Our goal was to investigate possible mechanisms used by the larval stages of B. pseudofea to endure periodic tidal inundation by using physiological and morphological analyses in comparison with several species of terrestrial lepidopteran larvae. A review of tidal charts showed that the immature stages of B. pseudofea would be prone to complete inundation two to Þve times per month during the summer months (May to August) and partial submersion for up to 20 d per month during the rest of the year. Larvae of several terrestrial lepidopteran species studied consumed oxygen under water for a limited period, but B. pseudofea demonstrated substantially higher oxygen consumption. Light microscopy of B. pseudofea larvae revealed small air pockets in and around the spiracles when submerged in tap water; these air pockets disappeared when exposed to detergent solution. The resulting air pockets may function as a diffusion layer for oxygen to be absorbed from the surrounding water or may act in conjunction with transcuticular gas exchange to meet the larvaÕs respiratory needs. Morphological examination by scanning electron microscopy showed that B. psudofea larvae have distinctively small, clavate setae that appear insufÞcient to effectively support a functional plastron.
The eastern pygmy blue, Brephidium pseudofea (Morrison) (Lepidoptera: Lycaenidae: Polyommatinae) inhabits intertidal environments that are periodically inundated with salt or brackish water from the Florida Keys north along the Atlantic coastal plain to southeastern South Carolina and along the Gulf Coast to southern Louisiana and Texas (Klots 1951 , Heppner 1975 , Scott 1986 . Such coastal ecosystems, especially those of transitional waters, are dynamic environments, varying in both time and space and are prone to an array of natural and anthropogenic disturbances. As a result, populations of B. pseudofea are common, but tend to be localized, ephemeral, and often isolated. When encountered, however, populations may support a very high density of individuals. Yet, relatively little detailed information is available on the butterßyÕs biology, ecology, and behavior.
Only a few hundred species of insects are associated with coastal habitats (including saltmarshes, mangroves, estuaries, and decaying shoreline vegetation), whereas several million species are found in terrestrial environments and Ͼ30,000 species occur in freshwater environments (Williams and Williams 1998) . One hypothesis is that stress keeps diversity in transitional habitats low. Among the stresses faced by intertidal insects, gas exchange is possibly the most limiting (Hoback and Stanley 2001) . Other challenges that intertidal insects must overcome are buoyancy, surface tension, and osmoregulation because of salt inundation (Cheng 1976, Levin and Talley 2000) . As components of transitional coastal environments such as salt marshes or tidal ßats, the herbaceous larval host plants of B. pseudofea, Sarcocornia perennis (Miller) A. J. Scott (Amaranthaceae), Salicornia bigelovii Torrey (Chenopodiaceae), and Batis maritima L (Bataceae), as well as the eggs, larvae, and pupae they support, are periodically inundated by tidal waters. The resulting complete or partial submersion and salt exposure pose serious challenges for survival. Insects that deal with inundation have evolved a variety of specialized morphological and physiological mechanisms to facilitate gas exchange, including: direct diffusion through the cuticle, taking oxygen from the waterÕs surface by a spiracular tube, taking oxygen directly from the water by using a submerged plastron, breathing from enclosed air bubbles, switching to an-aerobic respiration, and reducing metabolic rates (Zerm and Adis 2003) .
A review of tidal charts for March 2009 to February 2010 at Crystal River (Citrus County), FL, a typical habitat, showed that host plants would be completely inundated several times a month during the summer. Considering the high frequency of inundation events, our goal was to investigate possible physiological mechanisms used by larval stages of B. pseudofea to tolerate periodic tidal inundation, focusing on respiratory capabilities of the larvae in salt water. Specifically, we expected B. pseudofea larvae would sustain greater respiratory gas exchange under water than larvae of lepidopteran taxa inhabiting solely terrestrial habitats. We compared oxygen consumption of B. pseudofea larvae under water with larvae of six terrestrial lepidopteran species, including: Hemiargus ceraunus antibubastus Hü bner (Lycaenidae), Helicoverpa zea (Boddie) (Noctuidae), Junonia coenia Hü bner (Nymphalidae), Callophrys irus Godart (Lycaenidae), Spodoptera frugiperda (J.E. Smith) (Noctuidae), and Manduca sexta L. (Sphingidae). The species for comparison were chosen based on both availability and for broad phylogenetic representation. We found that B. pseudofea larvae do indeed have greater oxygen consumption rates than all terrestrial species during salt-water inundation. To test whether B. pseudofea larvae have an innately high metabolic rate, we compared CO 2 production between B. pseudofea larvae and four terrestrial lepidopteran species in air including: H. ceraunus, H. zea, S. frugiperda, and M. sexta. In air, metabolic rates of B. pseudofea larvae were among the lowest of all Þve species, further strengthening our assertion that B. pseudofea larvae have mechanisms that allow them to maintain respiration during tidal inundation, albeit at much lower levels than in air.
Materials and Methods
Study Organisms. Wild B. pseudofea adults and host plants were obtained from salt marshes in Cedar Key (Levy County), Crystal River (Citrus County), Cape Coral (Lee County), and St. Augustine (St. Johns County) in Florida between April and August 2009. The adults were brought back to Gainesville (Alachua County), FL where they were maintained under controlled laboratory conditions at 24 Ϯ 1ЊC during development. In total, 32 females were used in the study as founder stock. To induce oviposition, gravid females (2Ð 4) were placed in Karat 0.47-liter clear plastic cups (Lollicup USA, Inc, City of Industry, CA) containing fresh, new growth cuttings of S. perennis and a cotton swab soaked in Fierce Melon Gatorade (The Gatorade Co., Chicago, IL) as an artiÞcial nectar source. Cups were placed 30 cm below a 40-watt incandescent light (1 h on, 1 h off for a 12-h period from 8:00 a.m. to 8:00 p.m.) to stimulate adult activity and oviposition. Within 48 h of initial egg deposition, all eggs were removed with a wet artist brush and transferred to 24-well cell culture cluster ßat bottom plates with lids (Costar, Corning Inc., Lowell, MA). A 2.5-cm stem of S. perennis and Þve eggs were placed in each well. A paper towel cut-out was placed on the lid of the plate and lightly misted with tap water daily to ensure high moisture and relative humidity within the wells. After 7 d, all larvae were transferred to clean plates with two larvae and a sprig of host plant in each well. Host plant material was replaced on a regular basis and the plates were cleaned out every other day or when needed. All experiments used larvae from this captive colony. Voucher specimens from the adult founder stock were deposited in the collections of the McGuire Center for Lepidoptera and Biodiversity, FL Museum of Natural History in Gainesville, FL.
Wild H. ceraunus adults were collected from Alachua County, FL in July 2009. Gravid females were placed in oviposition cups containing fresh host plant material as described previously. The resulting eggs were transferred to vials with fresh cut plant material after 5 d. Larvae were fed Indigofera spicata Forssk (Fabaceae) until needed for experiments. H. ceraunus occurs in a variety of strictly terrestrial habitats and is typically found throughout the year in peninsular Florida.
H. zea larvae were obtained from a colony at the Department of Entomology and Nematology, University of Florida in Gainesville (Alachua County). The larvae were reared on a wheat-germ based diet (BioServ, NJ) and kept in 0.15-liter cups until needed for experiments. H. zea is found in strictly terrestrial habitats where it is a signiÞcant pest of many economically important crops, particularly corn (Zea mays L.) and tomatoes (Solanum lycopersicum L.).
J. coenia wild stock was collected from Alachua County, FL in March 2009. Gravid females were placed in similar oviposition cups as B. pseudofea but the resulting eggs were placed in vials along with the host plant. Larvae were fed Linaria canadensis (L.) D. A. Sutton (Scrophulariaceae) until needed for experiments. J. coenia is found in a variety of strictly terrestrial habitats and is found throughout the year in Florida.
C. irus larvae were obtained from Duval County, FL in March 2009. Larvae were placed in 0.47-liter clear plastic cups and fed Lupinus perennis (L.) (Fabaceae) until needed for experiments. C. irus inhabits strictly dry sandhills in northern Florida where it is univoltine.
Larval stock of S. frugiperda was acquired from a colony at the USDA Center for Medical, Agricultural, and Veterinary Entomology (CMAVE) in Gainesville, FL. Larvae were reared on a pinto bean (Phaseolus vulgaris L.) diet modiÞed from Guy et al. (1985) and kept in large plastic bins until needed for experiments. S. frugiperda is a serious pest of many economically important crops, including corn. It is strictly terrestrial, although it can get extremely humid and moist within the whorls of developing corn, where the larvae periodically feed.
M. sexta larvae were obtained from a colony at the North Carolina State University Insectary. The larvae were reared on a wheat-germ based diet modiÞed from Bell and Joachim (1976) and kept in plastic bins until needed for experiments. M. sexta occurs in strictly terrestrial habitats where the larvae are a signiÞcant pest of various plants in the family Solanaceae.
Salt water from a salt marsh in Crystal River FL, a typical B. pseudofea habitat, was brought back to the laboratory in Gainesville. The water was sterilized by boiling for 20 min, measured for salinity, and then stored at Ϫ20ЊC; aliquots were thawed as needed. The salinity of the water from a high tide of 1.2-m Mean Lower Low Water (MLLW) was found to be 2.6% with a digital refractometer after boiling (model 10480, Reichert-Jung, Mark Abbe II Refractometer, Depew, NY).
Tidal Activity for 2009 -2010. Tide charts were obtained from www.saltwatertides.com for March 2009 to February 2010 in Crystal River (Citrus County), FL, a typical B. pseudofea habitat where breeding populations were regularly encountered during the duration of the study. From these data, observations in the Þeld were made based on the height at high tide on 21, 25, and 29 March 2009 in relation to the MLLW. The percentage of larval host material underwater was visually estimated by examining plants completely out of the water, completely underwater, and partially underwater. Based on the corresponding Þeld observations and tidal chart data, additional estimations were made for how many times per month the immature stages of B. pseudofea would be subjected to inundation at this location.
Respirometry. The aquatic oxygen consumption rates of B. pseudofea larvae were quantiÞed using a ruthenium-based Þber optic oxygen-sensing probe (FOXY-R probe; Ocean Optics Inc., Dunedin, FL) and data-logging software (001Sensor v.4). The probe was calibrated with both nitrogen gas (0% oxygen) and room air (20.95% oxygen) before each experiment. The respirometry chamber was a 2-ml vial containing a micromagnetic stir bar and a piece of plastic mesh (to keep the larva and stir bar from coming into contact), and was placed on a magnetic stir plate to promote water circulation in the vial. A single third-, fourth-, or Þfth-instar B. pseudofea larva weighing between 17.5 and 26.1 mg was placed in the chamber and boiled salt water poured in to overÞll the vial, eliminating any airspace at the surface of the water in the vial (n ϭ 10). A septa cap was crimped on top of the vial that had a small hole for the probe. After the probe was placed into the respirometry chamber, a 3-by 4-cm piece of paraÞlm was wrapped tightly around the septa cap and probe to seal the chamber. The oxygen probe and respirometry chamber were held in place by clamps over the stir plate. Initial studies with this respirometry chamber containing nitrogen gas or deoxygenated water showed no detectable diffusion of oxygen into the vial even after 48 h.
For all species, larval metabolic rates during inundation were calculated as the difference between the initial oxygen concentration in the seawater after a 10-min equilibration period and the Þnal oxygen concentration 1 h later with ßuorescence readings taken at 1-min intervals. Temperature was maintained at 22 Ϯ 1ЊC for all trials. Although all larvae initially struggled when Þrst submerged, they became immobile within several minutes as has been observed in other arthropods that are periodically inundated (Hebets and Chapman 2000, Petillon et al. 2009 ) and therefore oxygen consumption after the 10-min equilibration period represents the resting metabolic rate. As a control, B. pseudofea larvae (n ϭ 5) were boiled for 10 min to ensure death and their respiration rates taken and compared with that of the live, inactive B. pseudofea larvae. Additional controls of boiled seawater in the respirometry chamber containing no larva showed no detectable indications of oxygen consumption. Respiration rates of H. zea (between 9.8 and 25.7 mg, n ϭ 9); J. coenia (between 12.4 and 25.8 mg, n ϭ 9); C. irus (between 12.2 and 33.0 mg, n ϭ 6); S. frugiperda (between 12.3 and 36.0 mg, n ϭ 10); and M. sexta (between 11.4 and 26.0 mg, n ϭ 9) were also taken with the same methods. As an additional control for background respiration in seawater, live larvae of each terrestrial species were compared with their boiled, dead counterparts. Although dead larvae of every species had detectable low rates of oxygen consumption, likely because of microbial degradation, live larvae of all species consumed 5Ð10 times more oxygen than their dead counterparts. Therefore, we report only the data for live larvae. SANOVA, T-tests, unequal variance tests, and TukeyÕs honestly signiÞcant difference (HSD) tests were performed in JMP, Version seven (SAS Institute 2007).
Respiration Rates Corrected for Body Mass Were Estimated With the Following Equation:
Y ϭ
where Y ϭ respiration rate O 1 ϭ ppm of initial oxygen reading after 10-min equilibration period O 2 ϭ ppm of Þnal oxygen reading vv ϭ void volume of 1770 l in the respirometry chamber mg ϭ mass of larva in mg T ϭ number of min experiment lasted. The respiration rates of larvae in air were calculated using methods estimated using the manual bolus integration method for CO 2 (Lighton 2008) as in Ragland et al. (2009) . Brießy, the ßow-through respirometry system consisted of a LI-COR 7000 infrared CO 2 analyzer (Lincoln, NE) with a resolution of 0.1 parts per million (ppm) CO 2 interfaced to Sable Systems International Expedata data logging software (Las Vegas, NV). Five larvae of each species, B. pseudofea (9.3Ð23.2 mg), H. ceraunus (11.4 Ð13.9 mg), H. zea (11.6 Ð20.8 mg), S. frugiperda (13.3Ð22.2 mg), and M. sexta (24.4 Ð 45.1 mg) were weighed and singly placed in 6-ml syringes, Þtted with a three-way luer valve and a 26-guage needle, acting as a respirometry chamber. Syringes were purged with air scrubbed of CO 2 by passing room air over a Dririte-Ascarite-Dririte column and sealed with the plunger drawn back to pro-duce a 2-ml internal volume. Two empty syringes were used as controls. After 4 Ð5 h, 1 ml of the gas volume in the syringe was injected into the respirometry system. When placed into the chamber without host plant, larvae were almost completely inactive so CO 2 consumption reßects resting metabolic rate. Each measurement was corrected for the CO 2 content of control syringes containing no animals, weight (mg), and time (min).
Morphological Analysis. Five eggs, Þve larvae, and two pupae from the laboratory breeding colony of B. pseudofea were examined and photographed in a tungsten low vacuum scanning electron microscope (SEM) (JEOL JSM-5510LV; Tousimis Samdri-780A) at the Division of Plant Industry, FL Department of Agriculture, in Gainesville (Alachua County), FL. The eggs, larvae, and pupae were dried by the critical point drying method and coated with gold and palladium by an ion sputter device (Critical Point Drier Denton Vacuum Desk III, Sputter Coater). Typical alcohol dehydration steps were not needed because all life stages of B. pseudofea are so small. Ten late-instar larvae were also examined and photographed with a dissecting microscope by using Auto-Montage Pro software (version 5.02, Syncroscopy, Frederick, MD) while in air, under tap water, and under a 0.6% Triton X-100 detergent (Sigma) solution, a wetting agent. Pictures were speciÞcally taken of abdominal spiracles VII and VIII to show differences within and between the various media.
Results
Tidal Activity for 2009 Ð2010. In Crystal River, FL, 50% of S. perennis stems were determined to be partially inundated when the high tide level was 1.2 m, and 100% were completely inundated at 1.3 m high. During the months of January through March, high tides would only reach up to 1.2 m one to six times per month (Fig. 1) . In these early months, larvae may be able to avoid most high tides by crawling up the stem of the plant because plants only get partially inundated. During the summer months, May through August (peak breeding months for B. pseudofea), tides reach heights of up to 1.4 m (Fig. 1) . In these months, immature stages are prone to complete inundation two to Þve times per month. Throughout these summer high tidal periods, the eggs, larvae, and pupae would be subjected to complete inundation because the water level would exceed the height of the majority of plant stems in the surveyed habitat at Crystal River, FL. Under such circumstances, complete inundation of plant material may persist for up to 4 h, and partial inundation may persist for longer periods of time. Also during the summer months, immature stages would be prone to partial inundation 13Ð24 times per month. During all other months (April, September, October, November, and December), high tides would reach up to 1.3 m to partially inundate most plants, but it is not quite high enough to completely inundate them. The immature stages would be prone to partial inundation for 7Ð20 times each the month (Fig. 1) . From these data, immature stages would have to survive complete salt water inundation periodically during the summer months, which is also the butterßyÕs peak breeding season.
Respirometry Measurements. The larvae of B. pseudofea had substantially higher rates of oxygen consumption when submerged than the other six terrestrial lepidopteran species (analysis of variance (ANOVA), F 5,51 ϭ 13.428, P Ͻ 0.0001, Fig. 2 ). However, analysis of CO 2 production in air showed that although respiratory rates of all species in air were substantially greater than when inundated, B. pseudofea larvae had one of the lowest metabolic rates in air compared with the other four lepidopteran species (ANOVA, F 4,42 ϭ 53.312, P Ͻ 0.0001, Fig. 3) .
Morphological Analysis. Detailed photographs of all life stages of B. pseudofea were taken (Figs. 4-5) . The scanning electron micrographs showed the egg of B. pseudofea (Fig. 4A) as somewhat ßattened on top. The ribs connect enlarged nodules that sometimes contain aeropyles (Fig. 4B) . The fossae contain numerous pores that may function as a plastron to keep a layer of surrounding air around the egg (Fig. 4B) . The micropylar region within this species seems to be variable between eggs (Fig. 4C) . The setae on the larvae are very short, widely separated, clavate, and held parallel to the body (Fig. 5) . Although setae are found on the prothorax and mesothorax and also on the last abdominal segment, their size and density appear to be poorly suited to trap air well enough to form a plastron layer. A more extensive dense network Fig. 2 . The signiÞcantly higher respiration rates (mean Ϯ SE) of B. pseudofea larvae under salt water compared with other terrestrial lepidopteran larvae suggest mechanisms that promote greater capacity as potential adaptations to the intertidal environment in B. pseudofea. Values followed by different letters are signiÞcantly different at P Ͻ 0.05, according to Tukey-Kramer HSD for multiple comparisons. Species are as follows: BP ϭ B. pseudofea (n ϭ 10), HZ ϭ H. zea (n ϭ 9), JC ϭ J. coenia (n ϭ 9), CI ϭ C. irus (n ϭ 6), SF ϭ S. frugiperda (n ϭ 10), HC ϭ H. ceraunus (n ϭ 10), and MS ϭ M. sexta (n ϭ 9). of Þne setae, particularly in close proximity to the spiracles, could potentially facilitate plastron formation. No speciÞc pupal characteristics indicative of a plastron were observed.
In auto-montage light microscopy images, the larval spiracles appeared reßective in room air (Fig. 6A) . When larvae were placed under tap water, air was clearly retained in and around the spiracles and inside the spiracles in the trachea so that both appeared shiny (Fig. 6B) , suggesting that the spiracle itself or a region of cuticle around the spiracle may act as a gill holding an air pocket for gas diffusion from the surrounding water. A darkening of the spiracle occurred immediately when the 0.6% Triton X-100 detergent solution, a wetting agent, was added. In Ͻ5 min after the wetting agent was added, water had seeped into the spiracles and trachea and air pockets were no longer visible (Fig. 6C) .
Discussion
B. pseudofea is a multivoltine species that can be found throughout the year in Florida; although pupae overwinter in diapause in more northern portions of the speciesÕ range (Scott 1986 , Daniels 2003 , Cech and Tudor 2005 . Tidal charts and corresponding Þeld observations from known occupied habitat areas indicated that eggs, larvae, and pupae would be prone to complete inundation two to Þve times per month from May to August. Such inundation events are essentially mandatory because the tide is at its highest point during these months rendering most of the S. perennis plants completely submerged under salt water. For all other months of the year, immature stages are less prone to partial inundation. During this period, larvae may also be able to avoid inundation altogether by moving up the stem of the plant. However, eggs and pupae are Þrmly afÞxed to plant material and thus would have to endure at least periodic submersion year-round during high tides. Because the immature stages of B. pseudofea are prone to complete salt water inundation during the peak summer breeding period when populations rapidly increase, the resulting eggs, larvae, and pupae are expected to have physiological mechanisms to tolerate this harsh environment and the stressors associated with it.
As expected, B. pseudofea larvae had substantially greater oxygen consumption rates while inundated than did larvae of the other six terrestrial lepidopteran species, but B. pseudofea did not have greater rates of gas exchange than other species when in air. Some oxygen consumption during inundation was detected in each of the terrestrial species, but all of the larvae displayed much lower metabolic rates when inundated than when in air, suggesting that metabolic depression occurs during inundation, even in B. pseudofea, as has been shown in intertidal spiders when inundated (Petillon et al. 2009 ). The fact that larvae of all species had detectable oxygen consumption when innundated may indicate that lepidopteran larvae in general possess some basic mechanisms for gas exchange during submersion in water. These mechanisms allow them to potentially survive infrequent and albeit short duration submersion events, perhaps because of rainfall in terrestrial systems. By contrast, B. pseudofea larvae that regularly occupy dynamic intertidal habitats appear to have greater capacity for gas exchange while inundated.
The scanning electron microscope (SEM) images obtained for all immature life stages of B. pseudofea provide additional insight into potential gas exchange mechanisms. The egg showed characteristics consistent with a plastron that could aid the egg in respiring underwater during periodic inundation. However, being small and immobile, many insect eggs have a plastron or plastron-like structures to promote survival when they are ßooded by rains (Hinton 1969) . Hence this characteristic is unlikely to be a mechanism speciÞcally used to survive tidal inundation in B. pseudofea.
The SEM images also showed that the setae on the larvae are very short and unlike that of other genera in the family Lycaenidae (J.C.D., unpublished data). Ballmer and Pratt (1988) studied the last instar of Brephidium exilis Boisduval, a congener of B. pseudofea in California, and showed that they have similar setae that are short, clavate-capitate, and held parallel to the body. Although the structure and density of setae did not exhibit characteristics consistent with a plastron, light microscope images of the spiracles of B. pseudofea showed an air pocket trapped just inside the spiracle while larvae are submerged underwater. The larvae possibly use their spiracles as a physical gill to absorb oxygen from the water and replenish the air trapped within the spiracle. Larvae of S. frugiperda were also placed under light microscopy and the spiracles similarly showed air trapped within. This may be a feature all lepidopteran larvae possess in case they are accidentally submerged or ßooded by rains. It is also likely that direct diffusion across the cuticle plays a role in gas exchange in all inundated lepidopteran larvae, but that B. pseudofea larvae have greater capacity for gas exchange across the cuticle than the terrestrial species we observed. Additional work is needed to tease apart the relative roles of direct diffusion across the cuticle and gas exchange across the closed spiracles while inundated. The ability of B. pseudofea larvae to survive periodic short-term salt water inundation has further implications on the speciesÕ overall geographic range and habitat occupancy. Historically the species presumably beneÞted from almost contiguous suitable coastal habitat. Over the past several decades, extensive coastal development and resulting human use has transformed this landscape into a highly fragmented and often widely separated matrix of available habitat areas or smaller patches. Adults of B. pseudofea have a low, weak ßight, and appear ill-suited for long distance dispersal movements. Successful rafting of immature stages on host plant material subjected saltwater submersion or extensive wetting could help explain the speciesÕ overall extensive success at colonizing or recolonizing available coastal habitat areas.
More work is clearly needed to determine the means by which B. pseudofea larvae are able to respire underwater and the relative effects of periodic inundation on organismal survival and reproduction. Studies on an endangered salt-marsh butterßy, the maritime ringlet Coenonympha tullia nipisiquit McDunnough, whose larvae also experience periodic tidal inundation, have shown that mortality increased with prolonged submersion in this species (Sei and Porter 2003, Sei 2004 ). Yet, larvae of salt marsh inhabiting C. tullia nipisiquit were substantially more tolerant to prolonged submersion than the closely related C. tullia inorata (W. H. Edwards) that occupies nearby upland meadows (Sei 2004) . Similarly, increased mortality after inundation is observed in two freshwater wetland butterßies, the closely-related British large heath butterßy that is another C. tullia subspecies (Joy and Pullin 1999) and a North American lycaneid butterßy Lycaena xanthoides (Boisduval) (Severns et al. 2006) . As sea levels rise resulting from global climate change, existing salt marsh habitats are expected to be completely inundated more frequently and for a longer period of time. Although host plant ranges can be expected to progressively shift inland, the creation of new wetlands in lowlying upland coastal zones may be hindered by armoring efforts to help protect roads, buildings, and other infrastructure throughout many portions of the Southeast (Titus et al. 1991) . The consequences for B. pseudofea could be severe and result in reduced availability of new habitat patches or decreased connectivity between populations. Thus, additional work examining both the life history costs of periodic inundation and the tolerance for extended inundation are needed for B. pseudofea. Although this research was primarily focused on the physiological processes of larval gas exchange, there are many other challenges that developing immature stages of B. pseudofea must overcome, including salt water exposure and feeding on a plant that is presumably high in salinity (Levin and Talley 2000, Petillon et al. 2011) .
